Recent studies suggest that the chromosome 16 inversion, associated with acute myeloid leukemia M4Eo, takes place in hematopoietic stem cells. If this is the case, it is of interest to know the effects of the resulting fusion gene, CBFB-MYH11, on other lineages. Here we studied T-cell development in mice expressing Cbfb-MYH11 and compared them with mice compound-heterozygous for a Cbfb null and a hypomorphic GFP knock-in allele (Cbfb ؊/GFP ), which had severe Cbfb deficiency. We found a differentiation block at the DN1 stage of thymocyte development in Cbfb-MYH11 knock-in chimeras. In a conditional knock-in model in which Cbfb-MYH11 expression was activated by LckCre, there was a 10-fold reduction in thymocyte numbers in adult thymus, resulting mainly from impaired survival of CD4 ؉ CD8 ؉ thymocytes. Although Cbfb-MYH11 derepressed CD4 expression efficiently in reporter assays, such derepression was less pronounced in vivo. On the other hand, CD4 expression was derepressed and thymocyte development was blocked at DN1 and DN2 stages in E17.5 Cbfb ؊/GFP thymus, with a 20-fold reduction of total thymocyte numbers. Our data suggest that Cbfb-MYH11 suppressed Cbfb in several stages of T-cell development and provide a mechanism for CBFB-MYH11 association with myeloid but not lymphoid leukemia. 
Introduction
The core-binding factor (CBF) family is a group of transcription factors composed of ␣ and ␤ subunits. 1 There are 3 members of the ␣ subunit in mammals, Cbfb␣1 (Runx2), Cbf␣2 (Runx1), and Cbf␣3 (Runx3), encoded by 3 separate genes. 2, 3 There is only a single gene encoding the ␤ subunit, Cbfb. 4 Cbf␤ binds Runx proteins and stabilizes their interactions with DNA. [5] [6] [7] [8] Cbf␤ may also be able to prevent the ubiquitin-mediated degradation of Runx proteins. 9 Runx1 and Cbfb null mice both have impaired definitive hematopoiesis and die at embryonic day (E) 12.5 from massive hemorrhage. [10] [11] [12] They are required for the initial stages of hematopoiesis in the aorta-gonad-mesonephros (AGM) region 13, 14 and are critical for embryonic angiogenesis as well. 15 Due to their phenotypic similarities, Cbfb is required for Runx1 functions in embryonic hematopoiesis.
In humans, acute myeloid leukemia (AML) subtype M4Eo is associated with a chromosome 16 inversion, inv(16)(p13; q22), in which CBFB fuses to MYH11, the gene encoding smooth muscle myosin heavy chain (SMMHC). The fusion gene, CBFB-MYH11, produces a chimeric protein CBF␤-SMMHC. 4 CBF␤-SMMHC has increased binding affinity for Runx1 (compared to wild-type CBF␤) and can suppress its function through several potential mechanisms, including sequestration and active repression. 16, 17 We have previously created a knock-in mouse model expressing the Cbfb-MYH11 fusion gene. 18 Heterozygous Cbfb-MYH11 knock-in mice exhibit a phenotype (a block of definitive hematopoiesis, hemorrhage, and embryonic lethality) nearly identical to that of the Cbfb 12 and Runx1 null mice, 10, 11 suggesting that the fusion gene Cbfb-MYH11 dominantly suppresses Runx1/Cbfb function in vivo. 18 We recently also generated a knock-in mouse model for a Cbfb-GFP fusion. 14 Homozygous Cbfb-GFP (Cbfb GFP/GFP ) mice died at birth due to bone formation defects similar to those observed in Runx2-deficient mice, suggesting that Cbfb is also required for Runx2 function in bone formation. 19 Interestingly, AGM hematopoiesis was relatively normal and there was no hemorrhage in the Cbfb GFP/GFP embryos at E12.5. 14 Our data show that the Cbfb-GFP allele is hypomorphic and that Runx2 is more sensitive to Cbfb dosage than Runx1 is. The hypomorphic nature of the Cbfb-GFP allele and Cbfb dosage sensitivity is supported by the observation that Cbfb Ϫ/GFP mice also die at birth with similar but more severe bone formation defects (L.Z. and P.P.L., unpublished results, December 2005).
Runx proteins have specific functions during T-cell development. T-lymphoid progenitor cells migrate from the fetal liver or bone marrow to the thymus, 20 where they differentiate into mature T cells through a series of defined stages with characteristic gene rearrangements and expression of specific surface markers. The cells at the earliest stages of development in the thymus lack expression of both CD4 and CD8, and therefore are called double negative (DN) cells. DN cells can be subdivided into 4 stages based on cell surface expression of CD25 and CD44. For the predominant (␣␤)T lineage, progression beyond the third DN stage (CD44 lo CD25 ϩ ) requires TCR␤ gene rearrangement. The developing thymocytes then start to express both CD4 and CD8 to become double positive (DP) cells, of which a subset is selected to become mature CD4 ϩ CD8 Ϫ and CD4 Ϫ CD8 ϩ single-positive (SP) cells. [21] [22] [23] Studies of Runx1 and Runx3 null mice indicate that Runx1 is required for active repression of CD4 in DN thymocytes, whereas Runx3 is required for establishing epigenetic silencing of CD4 in the CD8-lineage thymocytes. 24, 25 Runx1 is also required for the developmental progression of DN-stage thymocytes. 24 Runx3-deficient cytotoxic CD8 ϩ T cells, but not helper CD4 ϩ cells, have defective responses to antigen, suggesting that Runx3 is important for both lineage specification and function of CD8-lineage T lymphocytes. 24, 25 Previous studies in our laboratories suggested the involvement of Cbfb in the development of lymphoid lineages. 26, 27 We hypothesized that Cbfb has a critical role in T-cell development and that Cbfb-MYH11 suppresses Cbfb and impairs T-cell development. In this study, we analyzed thymocytes in several Cbfb-deficient mouse models, including Cbfb knockout, 12 Cbfb-GFP knock-in, 19 conditional expression of Cbfb-MYH11, 26 and Cbfb-MYH11 chimeras. 18 This study demonstrates that Cbfb-MYH11 suppresses Cbfb in thymocyte development during DN stages and reduces the survival of thymocytes, but has limited effect on CD4 expression.
Materials and methods

Animals
All animals used and the procedures performed in this study were approved by the NHGRI Animal Care and Use Committee. Cbfb knockout, Cbfb-GFP knock-in, conventional, and conditional Cbfb-MYH11 knock-in (Cbfb ϩ/56M ) mice have been described previously. 12, 18, 19, 26 The Tg(Lck-Cre) and the Tg(Lck-hBcl2) transgenic mice were obtained from the Jackson Laboratories (Bar Harbor, ME), and the Tg(Tcrb) mice were purchased from Taconic Farms (Germantown, NY). Mice, 5 to 6 weeks old, were used in experiments unless indicated in the text.
Quantitative PCR
Thymocytes were sorted by flow cytometry and DNA was extracted with Qiagen DNAeasy kit (Qiagen, Valencia, CA) from the separated cell populations. Cybergreen quantitative polymerase chain reaction (PCR; ABI7500, cybergreen kit from Invitrogen, Carlsbad, CA) was used to determine the efficiency of Cre-mediated deletion and 2 sets of PCR primers were used simultaneously. Primers for Cbfb exons 5 and 6 are: forward (5Ј-CAGGAAGATGCATTAGCACAA) and reverse (5Ј-AGAT-CATCACCGCCACCTAA) and primers for the neomycin gene are neo forward 5Ј-ATCAGGATGATCTGGACGAAGA, and neo reverse 5Ј-CCACAGTCGATGAATCCAGAA. PCRs were run as follows: 50°C for 2 minutes, 95°C for 10 minutes, and 40 cycles of 95°C for 15 seconds, and 60°C for 1 minute. By comparing Ct numbers of PCRs between these 2 sets of primers, the deletion efficiency can be calculated (according to manufacturer's suggestions). DNA from Cbfb ϩ/56M mice was used to standardize the Ct numbers.
Genotype analysis
DNA isolated from tail snips was used for all genotyping analysis. The Cbfb 56M allele was detected by PCR using primers specific for Cbfb exons 5 and 6 as described and Tg(Lck-Cre) allele was detected by primers Cre for 5ЈCGATGCAACGAGTGATGAGG3Ј, and Cre rev 5ЈGCATTGCTGT-CACTTGGTCGT3Ј. The DNA samples were initially denatured at 94°C for 2 minutes, followed by 35 cycles of amplification (30 seconds each at 94°C, 53°C [for exon 5 and 6]/60°C [Cre primers], and 72°C), and a final 5-minute extension step at 72°C.
Flow cytometry
Cells from the thymus, spleen, and lymph node were washed with fluorescence-activated cell sorting (FACS) buffer (5% fetal calf serum in phosphate-buffered saline) and counted. Spleen and peripheral blood samples were incubated in ACK lysing buffer (Biowhittaker, Walkersville, MD) prior to staining with antibodies. Cells were stained with FITC, phycoerythrin (PE), PE-Cy5, APC, and APC-Cy7-conjugated antibodies to CD4, CD8, CD25, CD44, CD3, HSA, CD5, CD19, B220, TCR␤, TCR␥␦, Ly9.1, and annexin V (BD PharMingen, San Diego, CA) for flow cytometry analysis. Appropriate isotype controls were used in each experiment. FACSCalibur and BDAria (BD PharMingen) were used to acquire data. FACS data were analyzed using Flowjo software (Tree Star, Ashland, OR).
Cell death and proliferation assays
Annexin-V and 7-AAD staining (BD PharMingen) were used to determine cell death and apoptosis. A BrdU-FITC or BrdU-APC kit (BD PharMingen) was used to measure proliferation in vivo following the manufacturer's instruction. In brief, 1 mg BrdU was injected intraperitoneally into mice and 16 hours later, the thymus tissue was harvested and stained following the manufacturer's protocol. FACS data were acquired using BDAria and LSRII (BD PharMingen) and analyzed with Flowjo software.
Histologic analysis and TUNEL assay
Tissues were fixed in 10% neutral-buffered formalin overnight at 4°C, dehydrated, and embedded in paraffin. Tissue blocks were sectioned at 5 m and stained with hematoxylin and eosin. The TdT-mediated dUTP nick-end labeling (TUNEL) assay was performed using Apoptag peroxidase kit (S7100, Intergen, Purchase, NY) following the manufacturer's protocol.
In vitro reporter assay
CAT reporter constructs 28, 29 were transfected into the CD4 Ϫ Jurkat cell clone (D1.1, from American Type Culture Collection, Manassas, VA) alone or with Runx1, Cbfb, and CBFB-MYH11 cDNA constructs 16 by electroporation (BTX electroporation system, Electro Cell manipulator 600; BTX Instrument Division, Harvard Apparatus, Holliston, MA). CAT activity was measured following manufacturer's protocol (CAT ELISA, Roche Diagnostics, Basel, Switzerland). A luciferase vector was cotransfected to standardize transfection efficiency. The transfection was performed for 3 times with similar results.
Statistics
Data are shown as mean Ϯ SE, and a Student t test was used to compare 2 groups of samples.
Results
Conditional expression of Cbfb-MYH11 in thymocytes
To express Cbfb-MYH11 in thymocytes, we crossed a mouse line (Cbfb ϩ/56M ) carrying a conditional Cbfb-MYH11 knock-in, 26 which switches from expressing Cbfb to expressing Cbfb-MYH11 after Cre-mediated excision of an inserted exon 5/6 cDNA cassette, with Tg(Lck-Cre) mice that express Cre from the Lck promoter, which starts expressing in DN3 thymocytes 30 ( Figure 1A ). The Tg(LckCre)/Cbfb ϩ/56M DP mice were viable and lived a similar life span (monitored for up to 1 year) compared with control littermates.
We used quantitative PCR to determine the efficiency of Cre-mediated deletion. The efficiency of Lck-Cre-mediated deletion of the Cbfb exon 5/6 cassette varied in different stages of T-cell development, as well as among different mice. The deletion efficiency was 27% to 58% in DN cells, 72% to 91% in DP cells, and 27% to 55% in CD4 ϩ SP and 40% to 58% in CD8 ϩ SP cells (n ϭ 5). In the spleen, the deletion efficiencies were 33% to 41% for CD4 ϩ SP cells and 14% to 37% for CD8 ϩ SP cells (n ϭ 3). DP cells had the highest deletion efficiency, whereas mature CD4 ϩ and CD8 ϩ SP cells in the thymus and spleen had lower efficiencies, suggesting that cells with the exon 5/6 deletion did not efficiently develop from DP to SP stages.
Defective T-cell development in the Tg(Lck-Cre)/Cbfb ؉/56M mice Analysis of embryonic thymi at E18 revealed that there were 2-fold fewer thymocytes in the Tg(Lck-Cre)/Cbfb ϩ/56M mice compared with littermate controls and a milder decrease at E17.5 ( Figure 1B) . Surprisingly, we did not see an increased percentage of CD4 ϩ SP cells nor decreased CD8 ϩ SP populations ( Figure 1C ), as observed in Runx1 and Runx3 knockouts.
In the adult Tg(Lck-Cre)/Cbfb ϩ/56M mice the thymi were reduced in size grossly ( Figure 2A ). Histologically the thymi had a near homogenous architecture, lacking the distinct cortical and medullary structures as observed in the wild-type thymi ( Figure  2A ). The total cellular numbers in the Tg(Lck-Cre)/Cbfb ϩ/56M thymi were on average 10-fold lower than those of the control mice ( Figure 2B ). Further analysis showed that this reduced cellularity was primarily due to severe reduction of DP cells, since there were 14 times fewer DP cells in the Tg(Lck-Cre)/Cbfb ϩ/56M thymi than in the control; in contrast the numbers of DN cells were only slightly reduced (Figure 2B-C). As a result, the Tg(Lck-Cre)/Cbfb ϩ/56M thymi had proportionally more DN (38% Ϯ 24% versus 6% Ϯ 4%, n ϭ 10, P Ͻ .01) and fewer DP (46% Ϯ 23% versus 80% Ϯ 5%, n ϭ 10, P Ͻ .01) cells ( Figure 2D ). Within the DN population, the proportion of DN3 cells were significantly higher (64% Ϯ 11% versus 38% Ϯ 9% in controls, P ϭ .01, n ϭ 4), whereas that of DN4 cells was significantly lower (14% Ϯ 2% versus 42% Ϯ 4%, P Ͻ .001, n ϭ 4) in the Tg(Lck-Cre)/Cbfb ϩ/56M thymi, suggesting the existence of a developmental block between these 2 stages ( Figure 2D ). We also observed fewer CD4 ϩ and CD8 ϩ SP cells in the Tg(Lck-Cre)/Cbfb ϩ/56M thymi ( Figure 2C ), and the spleen and peripheral blood contained lower percentages of CD4 ϩ and CD8 ϩ SP T cells as well ( Figure 2E ). Notably, there was a correlation between deletion efficiency and the severity of decreased cellularity: the higher the extent of deletion, the less the cellularity. Overall, conditional expression of Cbf␤-SMMHC in the thymus resulted in thymocyte developmental blockage and severely reduced production of mature T cells. To determine the mechanism for the reduced thymocyte numbers in the Tg(Lck-Cre)/Cbfb ϩ/56M mice, we examined the proliferation status of the thymocytes by measuring BrdU incorporation. The percentages of BrdU ϩ cells in total thymocytes and DN cells were comparable between the Tg(Lck-Cre)/Cbfb ϩ/56M and the control mice ( Figure 3A ; n ϭ 3 for control and n ϭ 5 for Tg(Lck-Cre)/ Cbfb ϩ/56M mice). Interestingly the percentage of proliferating cells in the DP population was increased in the Tg(Lck-Cre)/Cbfb ϩ/56M mice (34.2% versus 23.1% in the control mice, P ϭ .05). Considering that the proportion of DP cells was reduced in the Tg(Lck-Cre)/ Cbfb ϩ/56M mice, the finding suggested that there might be increased turnover or reduced survival of DP cells in those mice. We also examined the distribution of BrdU ϩ cells among the differentiation stages of thymocytes and found that the distribution was comparable to that of the total thymocyte population (comparing the lower panels of Figure 3B with the upper panels of Figure 2D ). Overall the results suggested that the reduction in cellularity in the Tg(Lck-Cre)/Cbfb ϩ/56M thymi could not be entirely explained by proliferation defects.
Increased apoptosis in the Tg(Lck-Cre)/Cbfb ؉/56M thymi We used annexin V staining to determine if there was increased apoptosis in the Tg(Lck-Cre)/Cbfb ϩ/56M thymi. Annexin V staining of thymocytes showed an overall increase in apoptosis at the DN, DP, and SP stages in the Tg(Lck-Cre)/Cbfb ϩ/56M mice ( Figure 4A) . The increases at all stages were statistically significant except for the CD8 SP cells (data not shown). Among DN cells, the increase of apoptosis was higher at DN2 and DN3 stages, but not at the DN4 stage (data not shown). TUNEL assay of thymic sections also revealed that there were more apoptotic cells in the Tg(Lck-Cre)/ Cbfb ϩ/56M thymi than in the controls (7.3% Ϯ 1% (n ϭ 4) versus 4% Ϯ 1% (n ϭ 3); P ϭ .012).
If increased apoptosis was responsible for the decreased thymic cellularity, promoting thymocyte survival should increase thymocyte numbers. To test this possibility, we crossed the Tg(Lck-Cre)/ Cbfb ϩ/56M mice with the Tg(Lck-hBcl-2) mice, which carry a human BCL-2 transgene under the control of the Lck promoter. 31 As shown in Figure 4A , Bcl-2 overexpression reduced apoptosis in almost every stage of T-cell development in Tg(Lck-Cre)/Cbfb ϩ/56M mice to levels close to those of the wild-type controls. The Tg(Lck-Cre)/ Cbfb ϩ/56M /Tg(Lck-hBcl-2) mice had vastly increased total thymocyte numbers and increased DP population compared to the Tg(Lck-Cre)/Cbfb ϩ/56M littermates ( Figure 4B) . However, the differentiation block in DN3 was not rescued ( Figure 4B ). These data indicate that there are at least 2 separate defects in the Tg(Lck-Cre)/ Cbfb ϩ/56M thymi: an increased apoptosis in the DP cells that is largely responsible for the reduced cellularity and a differentiation block between DN3 and DN4. The TCR genes undergo rearrangements during the DN2-DN3 stage. Successful rearrangement of the Tcrb locus and expression of TCR␤ protein are required for the development of ␣␤T cells beyond the DN3 stage. 32 Given that the Tcrb enhancer contains Runx-binding sites, 33 the partial developmental block in DN3 thymocytes in the Tg(Lck-Cre)/Cbfb ϩ/56M mice raised the possibility that Cbf␤-SMMHC could impair Tcrb gene rearrangement or reduce Tcrb expression.
To address these possibilities, we first measured the cell surface TCR␤ expression of DN, DP, and SP cells and found that it was comparable between the Tg(Lck-Cre)/Cbfb ϩ/56M and the control mice (data not shown). In addition, we crossed the Tg(Lck-Cre)/ Cbfb ϩ/56M mice with the Tg(Tcrb) mice, which express a rearranged, functional Tcrb transgene that is capable of rescuing the DN stage block in Rag2-deficient mice. 32 The Tg(Lck-Cre)/Cbfb ϩ/56M / Tg(Tcrb) mice exhibited a similar phenotype as that in the Tg(Lck-Cre)/Cbfb ϩ/56M mice, with severely reduced thymic cellularity and accumulation of DN thymocytes ( Figure S1 , available on the Blood website; see the Supplemental Figure link at the top of the online article), indicating that the defect caused by Cbfb-MYH11 was not rescued by the rearranged Tcrb gene. In addition, we measured the percentage and the total number of TCR␥␦ ϩ cells in the thymus, because TCR␤ Ϫ cells may have developed into the TCR␥␦ lineage. We found that the total number of TCR␥␦ ϩ cells in the thymi was comparable to littermate controls (data not shown). 
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Cbfb-MYH11 derepresses CD4 expression in vitro but not in vivo
Runx1 and Runx3 play important roles in silencing CD4 expression, through a silencer element in intron 1 of the gene. 28, 34 Runx1 is required for CD4 silencer activity in DN thymocytes. 24 Runx3 is required for CD4 silencing in CD8 SP cells and Runx3 deficiency results in the appearance of mature (HSA lo ) DP thymocytes and peripheral DP T cells, both of which are made of CD8 ϩ SP cells aberrantly expressing CD4. 24 Analysis of Cbfb Ϫ/GFP and Cbfb GFP/GFP embryos ( Figure 7A,C) , suggested that Cbf␤ is required for the function of at least Runx1 in CD4 silencing. Therefore, if Cbf␤-SMMHC behaves as a dominant-negative suppressor of Cbf␤ function, as is widely believed in the field, it should have generated a similar phenotype.
To our surprise, CD4 expression was not derepressed in the Tg(Lck-Cre)/Cbfb ϩ/56M mice. As can be seen in Figure 5A , the TCR␤ hi HSA lo mature thymocytes did not contain a CD4 ϩ CD8 ϩ DP population as observed in Runx3-deficient thymi. In addition, the TCR␤-lo FSC hi CD8 Ϫ/lo immature thymocytes did not show increases in CD4 expression either ( Figure 5B) . Moreover, the CD4 ϩ /CD8 ϩ SP cell ratio in the spleen and peripheral blood was lower in the Tg(Lck-Cre)/Cbfb ϩ/56M mice compared to that in the control mice (data not shown), and no DP population was detected ( Figure 2E ).
Because Runx1 and Runx3 directly bind to the CD4 silencer and repress CD4 promoter expression in reporter assays, 24 we determined the effect of Cbf␤-SMMHC in a similar reporter assay. The CAT reporter construct (p131-265), which contained 3 copies of the core CD4 silencer upstream of the CD4 enhancer/promoter, 29 was transiently transfected into Jurkat cells, together with cDNA constructs for Runx1, Cbfb, or Cbfb-MYH11. 16 As can be seen in Figure 5C , the CD4 core silencer reduced the transcriptional activity of the CD4 enhancer/promoter about 4-fold. Cotransfection with Runx1 alone, or with both Runx1 and Cbfb, further reduced the transcription activity by 10-to 15-fold. Cbfb-MYH11, on the other hand, restored transcription to above the level observed in the absence of Runx1. However, when the empty vector (without silencer) was cotransfected with Runx1 alone, or with both Runx1 and Cbfb-MYH11, no suppression effect was observed ( Figure 5C ). The result confirms that Cbfb-MYH11 is able to release Runx1 repression of the CD4 silencer and restore CD4 expression in reporter assays.
Early block of thymocyte development and limited CD4 derepression in Cbfb-MYH11 chimeras
To exclude the effect of Lck-Cre efficiency on these results, we also examined thymocyte development in the chimeric mice generated with embryonic stem (ES) cells containing conventional Cbfb-MYH11 knock-in. 18 By using a mouse strain 129-specific marker Ly9.1, we could distinguish cells carrying Cbfb-MYH11 (derived from 129 ES cells) from wild-type B6 cells in the chimeras 35 ( Figure 6A ). Thymocytes carrying Cbfb-MYH11 in the chimeras showed similar characteristics when compared to those in the Tg(Lck-Cre)/Cbfb ϩ/56M mice and that there were increased DN and decreased DP populations ( Figure 6B ). Interestingly, there was a severe DN1 block in the Cbfb-MYH11 chimera ( Figure 6B ), which could not have been observed in the Tg(Lck-Cre)/Cbfb ϩ/56M mice because Lck-Cre started to express at DN3. Thymocytes that carried Cbfb-MYH11 also had a significantly increased level of apoptosis ( Figure 6C ). In addition, the CD4/CD8 ratio was decreased, indicating no CD4 derepression by Cbfb-MYH11 at the level of SP cells. Further analysis of immature cells (FSC hi TCR␤ lo/Ϫ CD8 lo/Ϫ ) revealed a small increase of CD4 expression ( Figure 6D ), which was not as strong as that in the Runx1-deficient mice 24 or the Cbfb Ϫ/GFP mice (see next section). Cbfb-MYH11 therefore could suppress Runx1 function in CD4 repression in vivo, but at a very limited level.
T-cell developmental defects in Cbfb ؊/GFP and Cbfb GFP/GFP embryos
To investigate whether the phenotype described so far was due to suppression of Cbfb function by Cbfb-MYH11, we studied mice with a Cbfb null allele and a hypomorphic Cbfb-GFP allele. Cbfb Ϫ/Ϫ embryos die on E12.5 due to blockage of definitive hematopoiesis and multiple hemorrhages, 12 precluding studies of T-cell development in those embryos. Cbfb Ϫ/GFP and Cbfb GFP/GFP mice die at birth, with delayed bone formation and clavicle hypotrophy 19 (L.Z. and P.P.L., unpublished data, December 2005). We therefore studied the thymi of embryos from Cbfb ϩ/Ϫ ϫ Cbfb ϩ/GFP and Cbfb ϩ/GFP ϫ Cbfb ϩ/GFP crosses at E17.5 and E18.
The Cbfb Ϫ/GFP embryos had the most severe bone defects (and presumably most severe Cbfb deficiency) among all possible genotypes (Cbfb ϩ/ϩ , Cbfb ϩ/GFP , Cbfb ϩ/Ϫ , Cbfb GFP/GFP , and Cbfb Ϫ/GFP ). In the Cbfb Ϫ/GFP thymi, the CD8 ϩ SP T-cell population was absent with elevated percentage of CD4 ϩ SP cells ( Figure 7A ). There was a similar but less severe increase of the CD4 SP population and decrease of the CD8 SP population in the Cbfb ϩ/GFP mice ( Figure 7A ). In addition, the average expression level of CD4 in the immature thymocytes in the Cbfb Ϫ/GFP and Cbfb GFP/GFP embryos was greatly increased ( Figure 7B ). The CD4 expression increase in the immature thymocytes seemed to be dependent on Cbfb dosage because the CD4 expression level was unchanged in Cbfb ϩ/GFP and Cbfb ϩ/Ϫ embryos (data not shown). In addition, there were developmental blocks at stages DN1 and DN2 in the Cbfb Ϫ/GFP thymi ( Figure 7A ). These defects were also observed in the Cbfb GFP/GFP and Cbfb ϩ/Ϫ embryos at reduced severity (data not shown). The thymocyte numbers were more than 20-fold lower in the Cbfb Ϫ/GFP thymi compared to wild-type littermates, whereas Cbfb GFP/GFP and Cbfb ϩ/Ϫ embryos had about 2-fold fewer thymocytes ( Figure 7C ). The reduced cellularity in these Cbfb-deficient embryos was probably also due to increased apoptosis because we observed increased annexin V staining of DP cells in the Cbfb Ϫ/GFP thymi, whereas the incorporation of BrdU by the thymocytes was unchanged (data not shown).
These observations indicate that Cbfb is required for DN cell development, repression of CD4 expression in DN cells, and survival of maturing thymocytes. The less severe phenotype of cellularity and CD4 derepression in Cbfb ϩ/Ϫ and Cbfb ϩ/GFP mice suggests a dose effect of Cbf␤. Most of the alterations in T-cell development observed in the Cbfb-deficient mice were similarly observed in the Cbfb-MYH11 mice, except for CD4 derepression as summarized in Figure 7D .
Discussion
The function of Runx1 and Runx3 in T-cell development has been studied recently, and the role of Cbfb is emerging. In this report we provide evidence that Cbfb function is required for CD4 derepression, thymocyte development through DN stages, and the survival of thymocytes at several stages. More importantly, we demonstrated that CBFB-MYH11, the fusion gene associated with AMLM4Eo, suppresses most functions of Runx/Cbfb in thymocyte development ( Figure 7D ).
The developmental block at DN1 and DN2 in the Cbfb-MYH11 knock-in chimeras and Cbfb Ϫ/GFP mice is strong evidence that Cbfb is required at the earliest stages of thymocyte development. This block and the CD4 derepression in Cbfb Ϫ/GFP mice appeared to be similar to the reported Tg(Mx1-Cre)/Runx1 f/rd mice 36 and other Cbfb deficiency models, 37 suggesting that Cbfb regulates the 24 These observations suggest that Cbfb and Runx1 are required at several DN stages.
The progression of T-cell development at the DN3 stage is regulated through multiple pathways. The most important signal comes from TCR gene rearrangement and expression of functional TCR␤ chains. 21, 23 The resulting production of the pre-TCR proteins is a major driving force for thymocyte expansion and further differentiation. 38 In the conditional Cbfb-MYH11 knock-in mice, the DN3 block and the associated apoptosis increase indicate difficulties of cells to go through this developmental stage. However, neither crossing with the Tg(Tcrb) mice to express a functional TCR␤ protein nor crossing with the Bcl-2 transgenic mice to reduce apoptosis could rescue this DN3 stage block, suggesting that the rearrangement of TCR genes and the expression of functional ␤ chains were not affected in the Tg(Lck-Cre)/Cbfb ϩ/56M mice. It remains possible, however, that other events of the pre-TCR signaling pathway were affected.
Previous studies suggested that Runx/Cbf␤ proteins regulate genes involved in cell cycle control, 39 and that Cbf␤-SMMHC can slow proliferation of cultured cells. 40 Our in vivo studies, on the other hand, suggest that Cbfb-MYH11 does not induce significant defects in cell cycle (data not shown) or proliferation. In addition, mice deficient in Ccnd3 (encoding cyclin D3) share a similar phenotype of post/pre-TCR blockage, 41 and Runx/ Cbf␤ can regulate the expression of the Ccnd3 gene directly. 40 However, we found normal expression of Ccnd3 in the Tg(LckCre)/Cbfb ϩ/56M mice by quantitative reverse transcription-PCR (data not shown).
Instead, we observed significant increases in apoptosis at most stages of T-cell development, which was likely responsible for the severely reduced thymocyte numbers in the Tg(Lck-Cre)/ Cbfb ϩ/56M mice. This observation was supported by our results that transgenic expression of Bcl-2 restored the thymocyte population and increased the percentage of DP cells. Interestingly the DN3 block was not released and the CD4/CD8 ratio remained the same in the Tg(Lck-Cre)Cbfb ϩ/56m /Tg(Lck-hBcl2) mice. A direct link between Cbf␤-SMMHC and apoptosis pathways has not been reported before. Therefore, it will be highly interesting to understand the underlying mechanism. The cytokine IL-2 regulates both T-cell proliferation and apoptosis, 42, 43 and its high-affinity receptor, CD25 (IL-2R␣) is responsible for activation-induced cell death in vivo as shown in CD25 null mice. 44 We observed increased production of cell surface CD25 in Cbfb-MYH11-expressing cells (data not shown). It is possible that the IL-2 signaling pathway is playing a role here to induce cell death by down-regulating Bcl-2, which is a surviving factor for T cells during development. It will be interesting to determine if apoptosis is similarly induced in the myeloid lineage and, if so, whether such changes are important for leukemogenesis. We have previously demonstrated that CBFB-MYH11 by itself was not sufficient for leukemogenesis and that additional mutations are needed for leukemia development. 35, 45 Antiapoptotic genetic changes may be one class of cooperating oncogenes for CBFB-MYH11.
Our in vitro reporter assays demonstrated that Cbf␤-SMMHC could suppress Runx1/Cbf␤ function and derepress CD4 expression. However, we did not observe any CD4 derepression in the Tg(Lck-Cre)/Cbfb ϩ/56M mice, and only saw marginal increase of CD4 expression in DN cells ( Figure 6D ) in the Cbfb-MYH11 knock-in chimera mouse. There could be several reasons to explain the reason Cbfb-MYH11 did not derepress CD4 in vivo. Our data in Cbfb ϩ/GFP , Cbfb ϩ/Ϫ , Cbfb GFP/GFP , and Cbfb Ϫ/GFP mice indicate that CD4 derepression is Cbfb dose-dependent. In the presence of one wild-type Cbfb allele, such as in Cbfb ϩ/Ϫ and Cbfb ϩ/GFP mice, CD4 derepression was almost undetectable. Cbfb-MYH11 may not be a very strong Cbfb repressor as previously believed, especially when expressed at the endogenous level in vivo. Further, previous studies showed that different domains of Runx1 are required for different functions. For example, the C-terminal VWRPY motif is important for thymic cellularity, but not for definitive hematopoiesis. 46 Additional studies on the C-terminal domains by Kawazu et al demonstrated that VWRPY motif is necessary for CD4 repression, whereas the activation domain is critical for regulation of Tcrb expression. 47 It is possible that Cbfb-MYH11 suppresses Runx1 domains at different levels. Finally, functions of Runx family members may have different sensitivity to Cbfb-MYH11 inhibition. The phenotype we observed in the Cbfb-MYH11 mice is more similar to mice with Runx1 deficiency, 36 than those with Runx3 deficiency, suggesting that Runx1 may be more sensitive to Cbfb dosage change than Runx3.
Chromosome 16 inversion, which generates the CBFB-MYH11 fusion gene, is associated with AML in human patients. 4 Clonality studies have provided evidence that the inversion occurs in hematopoietic stem cells. 48, 49 It is interesting then why the inversion is only associated with myeloid leukemias. In one recent study, it was shown that inv (16) can be detected in the B cells, in addition to the myeloid lineages, but not in the mature T cells. 50 By crossing the conditional Cbfb-MYH11 knock-in mice with transgenic mice expressing the Cre gene under the control of the Mx1 promoter, which was inducible in hematopoietic stem cells, we showed previously that Cbfb-MYH11 ϩ bone marrow cells did not contribute efficiently to the T-cell lineage after competitive transplantation. 26 The data presented here provide strong evidence that Cbfb-MYH11 blocks T-cell development at several stages and reduces thymocyte survival by inducing apoptosis. The data could help to explain why CBFB-MYH11 ϩ cells cannot be detected in the T-cell lineage in patients with AML with this fusion gene.
